Objective: To compare physical activity energy expenditure (PAEE) and total daily energy expenditure (TDEE) in successful weight loss maintainers (WLM) to normal weight controls (NC) and controls with overweight/obesity (OC).
Introduction
Changes in energy expenditure that occur with weight loss have been suggested to contribute to the propensity for weight regain after weight loss. Total daily energy expenditure (TDEE) declines with weight loss due to decreases in both resting energy expenditure (REE) and physical activity energy expenditure (PAEE) that result primarily from the reduction in body mass (1) . Some evidence suggests substantial weight loss may also generate additional decreases in REE and TDEE beyond that expected based on changes in body weight and/or composition alone (1) (2) (3) (4) (5) (6) . To prevent weight regain, a permanent behavior change that leads to either a lower energy intake (EI) and/or a higher level of physical activity (PA) must occur to compensate for the reduction in TDEE. While caloric restriction is effective for weight loss, it appears to be relatively ineffective as a sole strategy for long-term weight loss maintenance (7) (8) (9) . The energy gap theory proposed by Hill et al. (10) states in part that the decline in TDEE with weight loss creates an "energy gap" that must be filled in order to remain in energy balance (and avoid weight regain) at a reduced body weight. Because high levels of PA are consistently associated with successful long-term weight loss maintenance (11) (12) (13) (14) (15) (16) (17) (18) (19) , it is possible that successful weight loss maintainers (WLM) sustain high levels of PAEE to fill this gap. As a consequence of these high levels of TDEE, the EI required to match energy expenditure may be more feasible for weight-reduced individuals to comply with long-term.
Much of the evidence demonstrating that successful WLM sustain high levels of PA is based on studies that have used self-reported measures (20) (21) (22) or activity monitors (16, 17, 19) . Few studies have quantified PAEE in weight-reduced individuals who were previously overweight/obese using the gold standard doubly labeled water (DLW) method. In weightreduced women, Schoeller et al. demonstrated that higher physical activity levels (PAL) measured at the end of the weight loss period were associated with less weight regain one year later (11) . However, PAL was only measured at baseline. Kerns et al. evaluated 14 contestants who completed "The Biggest Loser", a U.S. televised weight loss competition, and found that 6 years after the competition, the successful weight loss maintainers demonstrated a higher PAEE (12.2±1.3 kcal/kg/d) compared to those who regained weight (8.0±1.4 kcal/kg/d), while changes in EI from baseline were not different between groups (23) . However, that study involved a small sample of individuals with severe obesity (class III) who underwent an extreme diet and PA intervention in the context of a reality weight loss competition, which significantly limits the generalizability of these results.
Although successful WLM sustain high levels of PA, how this impacts PAEE and TDEE is not known. The goal of this study was to measure PAEE and TDEE in a sample of successful WLM, and compare these measures to two control groups; 1) normal weight controls (NC) whose BMI was similar to the current BMI of the WLM; and 2) controls with overweight/obesity (OC) whose current BMI was similar to the pre-weight loss maximum BMI of the WLM. Our global hypothesis was that WLM would sustain higher levels of PAEE compared to both control groups. Moreover, we hypothesized that because of the high levels of PAEE, WLM would sustain a TDEE that was higher than NC, but not different than OC.
Methods

Participants
This case-control study was conducted at the University of Colorado Anschutz Medical Campus and approved by the Colorado Multiple Institutional Review Board. Participants included 106 adults ( Figure 1 ) and were studied between October 2009 and August 2012. We recruited participants through campus wide flyers and email announcements. To enhance recruitment of WLM, a letter was sent to members of the National Weight Control Registry (NWCR) database living in the Denver Metro area. The NWCR was established in 1994 as a prospective cohort study to better understand behavioral patterns of individuals who are successfully maintaining weight loss; entry criteria includes maintenance of ≥13.6 kg weight loss for ≥1 year (24) . Interested individuals then underwent preliminary telephone screening to determine if they met eligibility criteria for one of the three study groups: 1) Weight loss maintainers (WLM, maintaining ≥13.6 kg weight loss for ≥1 year); 2) normal weight controls (NC, BMI similar to current BMI of WLM) with no history of overweight/obesity, and 3) controls with overweight/obesity (OC, BMI similar to the maximum BMI of WLM). A nested subject selection procedure was used to obtain similar distributions for age (categories <36, 36-49, and ≥50 years) and sex (male vs. female) across all three groups. This design also ensured similar distribution between NC and WLM current BMI (categories <22, 23-25, and 26-30 kg/m 2 ) and similar distribution between OC current BMI and WLM pre-weight loss maximum BMI (categories 26-30, 31-35, 36-40 , and ≥41 kg/m 2 ).
Eligible individuals were invited to attend an in-person screening visit. After providing informed written consent, a health history and physical exam was completed. Individuals were excluded if they had any physical or medical condition that restricted PA (including diabetes, cardiovascular disease, cancer, and significant musculoskeletal, neurologic, or psychiatric disorders), had undergone weight loss surgery or were taking weight loss medications, were smokers, were not weight stable (>5 kg fluctuation in body weight over past 6 months), or were taking medications known to affect appetite or metabolism. Women who were pregnant or lactating were also excluded. Eligible individuals were then scheduled for a one-week free-living monitoring period.
Body Weight and Composition
Weight was measured with a calibrated digital scale (to the nearest 0.2 lbs; Tanita, BWB-800) and height with a wall-mounted stadiometer (to the nearest 0.1 cm). Weight was measured at the screening visit and on days 1 and 8 of the one-week free-living monitoring period. Waist circumference was measured just over the iliac crests at screening using a tape measure. Fat mass (FM) and fat free mass (FFM) were measured with the dual-energy X-ray absorptiometry (DXA, Delphi-W version 13.1.0; Hologic Inc., Bedford, MA) at screening. One OC participant's supine body width exceeded scan window dimensions so FM and FFM were determined from bioelectrical impedance analysis (Tanita, TBF-105).
Resting Energy Expenditure
REE was measured using standard indirect calorimetry (Truemax 2400, ParvoMedics, Salt Lake City, UT) with the ventilated hood technique. Before each test was performed, the metabolic cart gas analyzers and flow meter were calibrated per manufacture recommendations. Participants were instructed to fast for 12 hours overnight, which was confirmed by study staff upon arrival in the clinic. Upon arrival (~7 AM), participants rested supine, awake, and lightly clothed in a thermoneutral (20-23 °C), dimly lit, quiet room for 30 minutes. REE was calculated using the Weir equation (25) . Respiratory gas exchange was measured for 15 minutes, and the last 10 minutes were used to average REE. Criteria employed to determine if the REE measurement was acceptable included stability (coefficient of variance (CV) of the final 10 minutes <5%) and average metabolic equivalents (METs) <1.10, as previously described (26) . REE measurements that did not meet these criteria were considered invalid and excluded from the analysis. REE was measured on days 1 and 8 of the free-living monitoring period, and averaged to produce a single value for REE. Intraclass correlation coefficient for day 1 and day 8 within-subject REE measures was high (0.96).
Total Daily Energy Expenditure, Physical Activity Energy Expenditure, and Physical Activity Level
TDEE over days 1-8 was determined using the DLW method (27) . On the dosing day, participants arrived at the testing center following a 12-hour overnight fast. Upon arrival, participants voided their bladder and provided a baseline urine sample for determination of background abundances of 2 H and 18 O. Participants then consumed an oral dose of DLW containing 2.05 g/kg total body water (TBW, estimated as 73% of fat free mass determined from DXA) of 10 atom percent excess (APE) 18 O and 0.14 g/kg TBW of 99.8 APE 2 H (ISOTEC, Sigma Aldrich, Miamisburg, OH). The dosing cup was rinsed twice with 30 mL of water and the rinsing dose consumed. Exact time of dosing was recorded. Participants were instructed to void their bladder 1-3 hours after dosing, and additional urine samples were collected 4 and 5 hours after the dosing. On day 8, participants returned to the testing center. They were instructed to void upon waking, and the 2 nd and 3 rd voids were obtained at the same times as the 4-and 5hour post-dose samples on the dosing day. The urine samples were analyzed for 18 O enrichment by isotope ratio mass spectrometry after equilibration with carbon dioxide. 2 H was reduced with a platinum catalyst and the deuterium enrichment was determined by isotope ratio mass spectrometry (Delta V Advantage, Thermo Electron North America LLC, West Palm Beach, FL). Each sample was analyzed in a duplicate. If the difference between duplicate runs exceeded 2 δ‰ for 2 H: 1 H or 1 δ ‰ for 18 O: 16 O for a given sample, then that sample was run again and only duplicate values that fell within this range were used. TBW was calculated as the average of the dilution spaces of 2 H and 18 O (28), and the rate of carbon dioxide production was calculated using the equation A6 from Schoeller et al. (27) . To be included in the analysis, data had to meet the following quality control criteria: 1) valid dilution space ratio, 2) similar TBW estimates from 2 H and 18 O, 3) similar slopes of elimination using the 4-and 5-hour urine collections on day 1 and day 8, and 4) sufficient abundance of 18 O above background at day 8. TDEE was then estimated using the Weir equation, assuming a respiratory quotient of 0.86 (25) . PAEE was calculated as [TDEE -(.1×TDEE) -REE], which assumes that the thermic effect of feeding is 10% of TDEE. Because the energy cost of PA is proportional to body weight for a given intensity and duration (29) , PAEE was also calculated as relative to body weight (kg). PAL was calculated as [TDEE/REE].
Steps
Steps were assessed using the activPAL™ activity monitor (PAL Technologies, Glasgow, Scotland) to provide an additional objective measure of PA. The activPAL™ is a small (23×43×5 mm) and lightweight (10 g) device that uses accelerometer-derived information about thigh position to estimate time spent sitting/lying, standing, and stepping. The device is attached to the anterior thigh and is waterproofed by wrapping it in a nitrile sleeve, allowing for 24-hour measurement. The activPAL™ is a valid and reliable device for measuring steps per day (30) . Participants were asked to wear the device continuously for seven consecutive days. Data were considered valid and used for analysis if the device was worn for >10 hours/d of time spent awake on ≥4 days (including ≥1 weekend and ≥2 weekdays) as previously described (16).
Statistical Analysis
Statistical analyses were performed with SAS version 9. (31) . Results are reported as mean±SD unless otherwise stated.
Results
The REE and step data from this cohort have been previously published (16, 26) . Of the 106 participants who completed the DLW measurements, TDEE data from 26 (WLM=10, NC=8, OC=8) was excluded from the analysis based on the quality control criteria outlined in the methods resulting in a final sample size of 80 participants (25 WLM, 27 NC, 28 OC) ( Figure  1 ). Of these 80 participants, 4 did not have a valid REE (1=NC, 3=OC), and 12 did not have valid activPAL data (4=WLM, 8=OC). The nested subject selection procedures successfully achieved similar group means for age and sex ( Figure 2A ). Similar results were obtained when PAEE was expressed relative to body weight (kcal/kg/d). In addition, PAEE comprised a significantly greater proportion of TDEE in WLM compared to both NC and OC, despite the similar body mass of NC and the greater body mass of OC ( Figure 3 ). As a result, TDEE in WLM (2495±366 kcal/d) was significantly higher than NC (2195±522 kcal/d), but not different from OC (2573±391 kcal/d). Unadjusted REE (kcal/d) of WLM was not different compared with NC, but was significantly lower compared to OC. However, after adjusting for differences in FM and FFM, there were no between-group differences in REE.
The PAL of WLM was significantly higher than both NC and OC ( Figure 2B) . Similarly, daily step counts in WLM were higher than both NC and OC ( Figure 2C ). For correlation analyses, a smaller sample was used due to invalid REE and/or activPAL data ( 
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Discussion
Study results suggest that PAEE of individuals maintaining a substantial weight loss (WLM, 26.2±9.8 kg maintained for 9.0±10.2 years) was significantly higher than PAEE of both nonreduced normal weight controls of similar BMI (NC), as well as controls with overweight/ obesity of significantly higher BMI (OC). As a result of these high levels of PAEE, the TDEE in WLM was significantly higher than NC, but not different from the TDEE in OC, whose BMI was similar to the pre-weight loss maximum BMI of WLM. WLM also demonstrated significantly higher levels of objectively measured steps/d as compared to nonreduced controls of both types. The high levels of PAEE and TDEE observed in successful WLM suggest that this group relies on high levels of energy expended in PA to remain in energy balance (and avoid weight regain) at a reduced weight.
We observed high levels of PAEE relative to body size in our sample of WLM. Mean relative PAEE in WLM was ~12 kcal/kg/d as compared to ~10 kcal/kg/d in NC and ~7 kcal/kg/d in OC. These results are consistent with two previous studies that used DLW to assess energy expenditure in weigh-treduced individuals (11, 23 (32) . Combined, these data suggest that high levels of PAEE may be critically important for successful long-term weight loss maintenance.
The differences in PAEE across our study groups are reflected in a similar pattern observed in objectively measured steps/d: WLM exhibited significantly higher steps/d (~12,100) compared to both NC (~8900) and OC (~6500). The daily step counts observed in our sample of WLM is higher than 10,000 steps/d, a common public health recommendation for PA. These results are consistent with prior studies demonstrating higher levels of objectively measured PA in WLM compared to controls of both types (16, 17) . Further, in our study, objectively measured steps/d were significantly and positively correlated with relative PAEE in WLM and NC, but this correlation was not observed in OC. This finding suggests that in individuals of a normal body weight, actual PA performed (steps/d) may be driving PAEE, whereas in individuals with overweight/obesity, factors other than steps/d (such as the energy cost of moving a higher body mass) may play a stronger role in determining PAEE.
At weight maintenance, TDEE is equivalent to total daily EI. Participants in this study were weight stable during the 7 day DLW measurement period, thus TDEE can be interpreted to represent EI during the measurement period. In WLM, TDEE was ~2500 kcal/d, indicating that total daily EI was likely ~2500 kcal/d during the measurement period. This estimate of EI is substantially higher than previous studies that report a relatively restricted level of EI in successful WLM (~1370 to 1440 kcal/d) (24, 33) . However, these studies relied on selfreported estimates of EI, which suffer from significant limitations and biases (34) . If the short-term DLW measurements are reflective of participants' habitual energy expenditure and intake patterns, our results indicate that EI in WLM was significantly higher than that of NC (of a similar BMI) and not significantly different from that of OC (of a substantially higher BMI). While recognizing the limitations of the cross-sectional data collection, the implications are that WLM filled the "energy gap" that resulted from weight loss (10) with high levels of PA rather than with reduced EI. Several studies have documented that longterm adherence to calorie restricted diets is difficult (7) (8) (9) . In contrast, results from observational studies (16) (17) (18) 20) as well as randomized controlled trials (14, 19, 22, 35, 36) support the view that PA is critically important for successful weight loss maintenance. The high levels of PAEE and TDEE observed in our sample of WLM suggest they rely on high levels of energy expended in PA (rather than chronic restriction of EI) to achieve energy balance at a reduced body weight.
Our energy expenditure and EI findings are consistent with results from the longitudinal study of "The Biggest Loser" contestants which indicate that changes in EI (DLW intakebalance method) from baseline to 6 years after the competition were not correlated with amount of weight loss or weight regained at 6 years, whereas changes in PAEE were strongly correlated with weight loss and weight regained (23) . Our findings are also consistent with Drenowatz et al. (37) who conducted a 2 year observational study to assess changes in weight, EI (DLW intake-balance method), and PA (SenseWear armband) in 195 young adults (age 20-35 years, BMI 20-35 kg/m 2 ). In a subset who lost >5% body weight over the 2 years, EI did not change significantly from baseline, while bouts ≥10 minutes of moderate-to-vigorous PA significantly increased (by ~35 minutes/d) (37) . Taken together, these results suggest PA may play a relatively greater role in weight loss maintenance rather than chronic restriction of EI.
We did not observe a significantly lower REE in WLM as compared to controls of both types, after adjusting for differences in FM and FFM. Some (but not all) studies have suggested that REE declines to a greater extent than expected from changes in body mass and/or body composition with weight loss (2, 38) , and that this disproportionate reduction in REE may persist long-term (1-6 years) (38) (39) (40) . For example, Fothergill et al. evaluated longitudinal changes in REE in 14 contestants, 6 years after completing "The Biggest Loser" televised weight loss competition. Using contestants' baseline data to develop predictive equations for REE, mean REE after 6 years follow-up was ~500 kcal/d lower than predicted in that sample (38) . Our group recently published a more in-depth examination of REE in the current study sample that compares measured REE to predicted REE, using several predictive equations. Our results indicated no consistent evidence of a lower than predicted REE in successful WLM (26) . While results from this study suggest that our sample of WLM do not exhibit substantially lower REE (adjusted for FM and FFM) than controls, these data should be interpreted with caution as the lack of REE measurements prior to weight loss in this group does not allow us to determine whether REE may have decreased to a greater extent than expected for the amount of weight lost within a given individual.
Our study has several limitations. Due to the case-control study design, we were unable to assess longitudinal changes in PAEE or TDEE within subject groups. It is possible that our sample of successful WLM is inherently different than those who are not successful at weight loss or weight loss maintenance. Thus, future prospective, longitudinal studies of weight loss maintenance using objective measures of energy expenditure and EI are needed. Our WLM sample was relatively small and homogenous (predominantly female and Caucasian), therefore, results may not be generalizable to other populations. (31)Despite these limitations, this is the first study to compare objectively measured PAEE and TDEE, using the DLW method, in a group of adults who have successfully maintained their weight loss to non-reduced individuals with normal weight and individuals with overweight/obesity. Results from this study provide valuable insight into how individuals successfully achieve long-term weight loss maintenance.
Conclusion
Individuals maintaining a substantial weight loss (−26.2±9.8 kg maintained for 9.0±10.2 years) demonstrated significantly higher total PAEE (kcal/d), relative PAEE (kcal/kg/d), PAL, and objectively measured steps/d compared to controls of both types. As a result, TDEE in successful weight loss maintainers was significantly higher than non-reduced individuals of similar BMI, and not significantly different than TDEE in individuals with overweight/obesity. The TDEE observed in our weight stable weight loss maintainers (~2500 kcals/d) suggests habitual EI in this sample may be substantially higher than the level of EI reported in prior studies, which relied on self-reported EI measures in weightreduced individuals. The high PAEE and TDEE observed in our sample of weight loss maintainers strongly supports the hypothesis that these individuals rely on increasing energy expended in activity (rather than chronic restriction of EI) to achieve energy balance at a reduced body weight; however, longitudinal studies are needed to further explore these findings.
STUDY IMPORTANCE QUESTIONS
What is already known about this subject?
• To prevent weight regain after weight loss, individuals must maintain a lower energy intake and/or a higher level of physical activity to compensate for the reduction in total daily energy expenditure (TDEE) that occurs with loss of body mass.
• While caloric restriction is effective for weight loss, it appears to be relatively ineffective as a sole strategy for long-term weight loss maintenance. In contrast, high levels of physical activity are consistently associated with successful long-term weight loss maintenance.
• Although high levels of physical activity are needed for weight loss maintenance, how this impacts physical activity energy expenditure (PAEE) and TDEE is unknown.
What does your study add?
• Successful weight loss maintainers have significantly higher levels of PAEE as compared to both normal weight controls and controls with overweight/ obesity.
•
As a result of these high levels of PAEE, the TDEE in weight loss maintainers is significantly higher than TDEE in normal weight controls of similar body mass index (BMI), but not different from TDEE in controls with overweight/ obesity who have a substantially higher BMI.
The high levels of PAEE and TDEE observed in our sample of successful weight loss maintainers suggest that this group relies on high levels of energy expended in activity to remain in energy balance (and avoid weight regain) at a reduced weight. 
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